Introduction !
The prognosis for patients with peritoneal carcinomatosis (PC) is usually considered poor [1 -3]. Recent developments in patient treatment include total peritonectomy and multivisceral resection of all involved tissue combined with hyperthermic intraperitoneal chemotherapy (HIPEC) as an approach with curative intention [4 -6] . Several imaging modalities are used in the preoperative assessment of tumor extent including ultrasound [7] , computed tomography (CT) [8, 9] , magnetic resonance imaging (MRI) [10, 11] as well as F-18-FDG positron emission tomography/computed tomography (PET/CT) [9, 12, 13] . Recent studies indicate good results especially for MRI and PET/CT due to its potential of functional and morphological tissue characterization [10, 11] . The assessment of recurring PC after HIPEC is even more challenging than the preoperative evaluation as peritonectomy and HIPEC come along with extensive postoperative tissue alterations often accompanied by inflammatory reaction after HIPEC. Thus, imaging modalities relying solely on the morphologic evaluation of the peritoneal cavity may miss either the relapse of PC or mistake postoperative tissue alterations as the relapse of PC after HIPEC [14 -16] . The combined functional and morphological approach with F-18-FDG PET/CT seems promising to assess relapse-free survival after HIPEC in patients with PC [12, 15 -17] . The challenge for PET/CT is that for example inflammatory reaction of the bowel wall after HIPEC is not only reflected by thickening of the bowel wall but also comes along with increased glucose metabolism. On the other hand, recurring PC after HIPEC might be of a different, more micronodular pattern with diffuse spread, which is likely to be significantly underestimated by PET/CT in its extent or might even completely evade detection [18] . However, the accurate assessment of recurring PC is crucial, as patients might benefit from a second HIPEC, if recurring disease is detected at a stage that has not progressed beyond resectability [19] . In this context it is not only of importance to detect PC but also to assess the extent of PC manifestations reliably. The aim of our study was to assess the diagnostic value of F-18-FDG PET/CT in patients with recurring PC after HIPEC in comparison to surgical findings.
Materials and Methods

!
Patient group 36 patients (mean age: 54.7 ± 12.0 years) with relapse of PC confirmed by histopathology or follow-up studies after peritonect-omy and HIPEC were included. Written informed consent was obtained from all patients. Only patients with primary confirmed PC were included. This is a retrospective study based on in-house patient data. In total, 44 PET/CT examinations were performed in these 36 patients. 4 patients were examined twice due to a second relapse after resection of the first relapse, 2 patients were examined three times due to a third relapse. Patients underwent surgical evaluation (laparoscopy or laparatomy) if repeated cytoreductive surgery was considered (22 of 44 PET/CT examinations, 19 of 36 patients). 19 patients (22 PET/CT examinations) patients underwent repeated cytoreductive surgery after PET/CT enabling quantitative correlation of surgical and imaging findings on a patient and segmental basis. For the remaining 22 PET/CT examinations, correlation of imaging findings could only be obtained on a patient basis by comparison with biopsy results and/or follow-up studies.
Patient preparation
Patients fasted for 12 hours before examination. 350 MBq of F-18-FDG were injected intravenously. After injection patients rested during the uptake time to minimize muscular glucose uptake. During the resting/uptake time, 1000 ml of 2.5 % mannitol solution were administered orally to provide intestinal distension to enhance the assessment of the intestinal wall. To reduce misalignment due to intestinal motion, 40 mg of butylscopolaminiumbromide were injected intravenously prior to image acquisition.
Examination protocol
Patients were examined on a 16/128-slice whole-body PET/CT (Hi-Rez Biograph 16/Biograph mCT, Siemens Health Care, Knoxville TE, USA) (32/12 examinations) consisting of a high-resolution three-dimensional LSO PET and a 16/128 slice multidetector spiral CT with the following technical parameters: peak voltage 120 kV, tube current 120 -250 mA, rotation time 0.5 s/0.3 s, collimation 0.75/1.5 mm (thorax/abdomen)/0.6 mm, table feed 12/ 24 mm/30.7 mm. Images were acquired monophasically in the portovenous contrast phase after injection of 80 -120 ml iopromidium intravenously (370 mg iodine/ml, flow rate 3 ml/s, Ultravist 370 ® , Bayer, Leverkusen, Germany) dependent on patient body weight followed by a 40 ml saline chaser. The contrast-enhanced CT images were used for attenuation correction of PET data. PET covered 6 -7 beds dependent on patient size with a FoV of 128 mm/400 mm, slice thickness 2 mm/2 mm, resolution 1.78 × 1.78 mm/0.76 × 0.76 mm, 4/2 iterations and 8/21 subsets, Gauss filter 4 mm/2 mm, algorithm 2D-OSEM/3D-OSEM. The ac- quisition time for each bed was 3 min/2 min. PET data were acquired one hour after tracer injection. A dedicated PET-CT workstation (TrueD, Siemens Health Care, Erlangen, Germany) was used for image fusion of PET and CT data and reading. CT images were reconstructed in the transverse plane with a 5-mm slice thickness and a 5-mm increment and the coronal plane with a 3-mm slice thickness and a 2-mm increment.
Image analysis
Two experienced readers (radiologist and nuclear medicine physician) evaluated PET/CT and contrast-enhanced CT images independently in consensus for the presence and extent of PC using the peritoneal cancer index (PCI) described by Sugarbaker et al. (20) : 13 peritoneal segments, lesion size score 0 -3 for each segment, range of PCI score 0 -39. These segments cover 9 regions of the peritoneal cavity (0 = central, 1 = right upper abdomen, 2 = epigastrium, 3 = left upper abdomen, 4 = left flank, 5 = left lower abdomen, 6 = pelvis, 7 = right lower abdomen, 8 = right flank) and 4 intestinal regions (9 = upper jejunum, 10 = lower jejunum, 11 = upper ileum, 12 = lower ileum). Tumor manifestations for each segment are characterized by the lesion size score (LS 0 = no tumor, LS 1 = tumor up to 0.5 cm, LS 2 = tumor up to 5 cm, LS 3 = tumor exceeding 5 cm or confluent manifestations). Surgical and histopathological findings were used as the standard of reference for quantitative analysis of imaging results and correlation on a segmental basis (PCI score). If confirmed by histopathology, segments suspected to be involved in PC by PET/CT were classified as correct positive, otherwise as false positive.
Statistics
Sensitivity, positive predictive value (PPV), and diagnostic accuracy (ACC) were calculated on a patient basis. Negative predictive value and specificity were not applicable as only patients with confirmed relapse of PC were included. To assess the accuracy of PC quantification by PET/CT on a patient basis as well as on a segment basis, PCI scores of PET/CT and contrast-enhanced CT were correlated with intraoperative PCI scores using Spearman's rank correlation coefficient. A Wilcoxon test was used to test for differences in PCI scores. Dedicated software was used for statistical analysis (MedCalc Software, Belgium).
Results
!
In total, 44 PET/CT examinations were performed in 36 patients with recurring PC ( • " Fig. 1 ). All 36 patients were examined for the detection of the first relapse of PC after HIPEC. The mean time between HIPEC and diagnosis of relapse (time to relapse: time between initial HIPEC and detection of recurring PC (TTR) given in days) was 341 ± 269 days. The mean PCI as found at the initial peritonectomy/HIPEC was 18.6 ± 10.8 ranging between 2 and 39 according to the peritoneal cancer index (PCI) described by Sugarbaker et al. [20] . The initial cytoreduction status post HI-PEC was complete prior to 37 PET/CT and incomplete prior to 7 PET/CT ( • " Table 1 ). The cytoreduction status (completeness of cytoreduction, CC) was defined according to Sugarbaker et al. [21, 22] as follows: CC 0: no residual tumor, CC 1: residual tumor tissue of less than 0.25 cm, CC 2: residual tumor 0.25 -2.5 cm, CC 3: residual tumor > 2.5 cm. CC 0 and 1 were classified as complete cytoreduction, CC 2 and 3 as incomplete cytoreduction. Underlying tumor entities for peritoneal carcinomatosis were colorectal cancer in 13 patients, ovarian cancer in 13 patients, peritoneal mesothelioma in 3 patients, ileum cancer in 1 patient, endometrium carcinoma in 2 patients and appendix carcinoma in 4 patients ( • " Table 2 ).
Repeated HIPEC was performed in 18 patients at the first relapse. In 2 of the 18 patients with repeated HIPEC, repeated HIPEC was also performed when PET/CT detected a second relapse. 3 patients were treated with systemic therapy at the second relapse. 1 of 2 patients treated with HIPEC at the second relapse also underwent repeated HIPEC when PET/CT detected the third relapse. The other patient was treated with systemic therapy when PET/ CT detected the third relapse ( • " Fig. 1 ). 18 patients underwent systemic therapy at the first relapse. The presence of recurring PC in these patients was confirmed by follow up and histopathology. 1 of these 18 patients underwent repeated HIPEC after initial remission when PET/CT detected the second relapse ( • " Fig. 1 ).
In total, 22 repeated HIPEC were performed in 19 patients with recurrent PC ( • " Fig. 1 ). Abdomen resectable PC instead of extended irresectable PC. In one patient, PC was significantly overestimated due to inflammatory tissue alterations. These 19 patients subjected to repeated cytoreductive surgery were found surgically to have a PCI of 16.6 ± 15.0, range 2 -39. On preoperative PET/CT, PCI was rated 11.4 ± 11.9, range 0 -39. The mean PCI on contrast-enhanced CT alone was 8.4 ± 10.3, range 0 -39. The mean PCI score per segment was 0.88 ± 1.2 for PET/CT, 0.64 ± 1.1 for contrast-enhanced CT alone and 1.28 ± 1.32 for surgical exploration. The PCI depicted by PET/CT was systematically and significantly lower in comparison to surgical results both on a patient and a segment basis (p < 0.05). Compared to PET/CT, the PCI assessed on contrast-enhanced CT was significantly lower on a patient basis and on a segment basis as well (p < 0.05).
• " Fig. 2 Table 4 ). In patient 6 no information about the PCI at the baseline peritonectomy and HIPEC (PCI baseline) was available. Compared to PET/CT, the PCI depicted by contrast-enhanced CT was equal or lower in all patients except for patient 1. In patient 1 multiple calcified small metastases were visible on CT without significant tracer uptake in PET but masked by background signal on fused PET/CT images resulting in a lower PCI on PET/CT than on contrast-enhanced CT. In several patients the PCI on contrast-enhanced CT was significantly lower than on PET/ CT as increased FDG uptake along the small bowel representing micronodular spread of peritoneal carcinomatosis had no morphologic equivalent on contrast-enhanced CT images and thus evaded detection by sole morphologic assessment. The second cytoreductive surgery could achieve complete cytoreduction in 9 of 19 patients (CC 0: 7, CC 1: 2) and in 1 of 9 patients also at the second and third relapse (each CC 0). In one patient with complete cytoreduction after the first relapse, only incomplete cytoreduction could be achieved after the second relapse (CC 3). Complete cytoreduction could not be achieved in 10 patients after the first relapse (CC 2: 2, CC 3: 8) and 1 patient after the second relapse ( • " Table 4 ).
Discussion
! HIPEC combined with peritonectomy and multivisceral resection is an emerging surgical approach to achieve ultimately complete cytoreduction in patients with PC. New surgical procedures come along with new challenges for imaging techniques monitoring postsurgical results. Patients undergoing HIPEC will have to be monitored afterwards either for the presence of remaining ma- lignant tissue in the case of incomplete cytoreduction or to detect potential relapse of PC [23, 24] . In the case of recurring disease early detection of relapse is desirable to provide the opportunity of complete cytoreduction by a repeated HIPEC. The extent of the remaining tumor is the major prognostic factor and complete cytoreduction should be sought above all [25 -27] . Monitoring dis-ease-free survival (DFS) after HIPEC poses several challenges for any available imaging modality. Due to the extensive surgical procedure, a variety of postsurgical tissue alterations are found including nodules and adhesions due to scar tissue as well as thickening and variably increased glucose uptake of the bowel wall due to inflammatory reaction [28] . The aim is to differenti- In the pelvis there is also micronodular spread along the small bowel represented by regionally increased FDG uptake c. PCI on PET/CT images was rated 10, surgically PC was found to be significantly underestimated by PET/CT and beyond resectability due to extensive small bowel involvement. ate between these postsurgical alterations and remaining or recurring tumor manifestations after HIPEC [29] . Due to the promising results in the preoperative assessment of PC, F-18-FDG PET/CT seems to be an optimal technique to evaluate patients after HIPEC as it is at least comparable if not better than other imaging modalities in the preoperative setting [12] . One aspect in favor of PET/CT is its ability to assess tissue metabolism thus helping to differentiate between malignant tumor and postoperative scar in patients in whom morphologic assessment alone is insufficient [30] . Based on our results, PET/CT seems to perform well also in the follow-up after HIPEC with an overall diagnostic accuracy of 91 % for the detection of PC on a patient basis. However, in four patients the recurring PC was completely missed by PET/CT. In these patients possible signs of PC were discrete and could be explained by postsurgical tissue alterations. Taking into account the additional evaluation of the extent of recurrent PC, PET/CT provided only moderate correlation with surgical findings and systematically underestimated the PCI. Compared to preoperative results, the diagnostic value of PET/CT in the follow-up of patients treated with HIPEC seems to be reduced and is hampered by different factors. First, in some patients extensive post-therapeutic tissue alterations after HIPEC mask recurring manifestations of PC in imaging.
A second reason to be considered is that the pattern of PC manifestations might vary after HIPEC with a tendency toward a more micronodular pattern accompanied by postsurgical tissue adhesions thus evading detection by PET/CT and other imaging techniques [18] . Manifestations of PC are frequently found in the greater omentum and can be identified there by preoperative imaging as regional enhancement or masses. In the follow-up after HIPEC, the greater omentum is resected and therefore omental masses can no longer be identified. To some extent this effect can also be observed regarding the visceral peritoneum. In preoperative imaging, masses could be found along the bowel on the visceral peritoneum. After peritonectomy, recurring tumor infiltrates the bowel wall which is much more difficult to identify. Moreover, adhesions due to preceding surgery might not only be challenging to differentiate from malignant tissue but also influence the tumor spread. This is supported by a moderate correlation of PC manifestations depicted by PET/CT and found by surgery ( • " Fig. 2) . Especially the extent of PC was underestimated by PET/CT even if the presence could be confirmed reflected by a significant difference in the extent of PC on a segmental basis between PET/CT and surgery ( • " Fig. 2 ).
Compared to sole morphologic assessment by contrast-enhanced CT, PET/CT renders superior diagnostic results reflected by significantly higher PCI values and better correlation with surgical findings. Especially intestinal involvement is underestimated by contrast-enhanced CT compared to PET/CT. Increased FDG uptake representing micronodular spread of peritoneal carcinomatosis had at least in parts no morphologic correlate on contrast-enhanced CT images in several patients • " Fig. 3 . This finding is of importance as extensive small intestine involvement may not be accessible for complete surgical cytoreduction
• " Fig. 4 . Thus, combined morphologic and metabolic assessment provided by PET/CT yields superior diagnostic results compared to morphologic assessment by contrast-enhanced CT. The combination with other functional imaging modalities including diffusion and perfusion MR imaging as provided by PET/ MRI might result in further improvement of the diagnostic performance in the follow-up after HIPEC [14, 16] . The combination of PET and dynamic contrast-enhanced MRI might contribute besides metabolic information also information regarding tissue perfusion which might be useful in the differentiation between malignant and inflammatory tissue [11] . Diffusion-weighted magnetic resonance imaging could further enhance tissue characterization in patients with recurrent PC after HIPEC [16] . These options may contribute to further improvement in the follow-up period of patients with PC after HIPEC using PET/MRI to assess recurrent PC.
Limitations of our study include heterogeneous primary tumors which might result in different patterns of tumor spread and tendency of recurrence as well as differing metabolic characteristics. Moreover, the effect of preceding or overlapping therapies might influence results of imaging as FDG uptake might be reduced due to decreasing tumor viability. As only patients with proven recurrence of PC were assessed retrospectively, the statistical power of the results may be restricted due to the lack of true negative patients. To eliminate the resulting statistical bias and provide information regarding true negative patients, specificity and negative predictive value will necessitate periodic relaparotomy or at least laparoscopy in all patients after HIPEC to provide a valid standard of reference for PET/CT in the follow-up period which was not done in our study. Also the fact that recurrent PC was known in all patients might result in a bias as uncertain imaging findings might be more likely to be interpreted as tumor manifestations.
In conclusion, the overall diagnostic value of PET/CT in the detection and evaluation of recurrent PC is superior to contrast-enhanced CT although the extent of PC is underestimated compared to surgical findings. The quantitative assessment of tumor load is limited as reflected by the only moderate correlation with surgical findings. The reasons are extensive post-therapeutic tissue alterations and changes in the pattern of tumor spread after HIPEC which reduce the performance of PET/CT in detecting malignant lesions.
